Abstract-A kinematic model is presented based on surface marker placement generating wrist, metacarpal arch, fingers and thumb movements. Standard calculations are used throughout the model and then applied to the specified marker placement. A static trial involving eight unimpaired participants was carried out to assess inter-rater reliability. The standard deviations across the data were comparable to manual goniometers. In addition, a test-retest trial of ten unimpaired participants is also reported to illustrate the variability of movement at the wrist joint, metacarpal arch, and index finger as an example of model output when repeating the same task many times. 
Hand movement and upper limb movement, in general, is complex [2] . The wrist is often defined as having two degrees of freedom: flexion/extension and radial/ulnar deviation. The movements of the hand, fingers, and thumb provide the functional ability that is required for prehension. The hand, in terms of the palm, can flex and extend to facilitate the opposition of the thumb to the fingertips. The fingers themselves are also capable of multiple degrees of freedom including flexion/extension of the metacarpophalangeal, proximal and distal interphalangeal joints, as well as abduction/adduction at the metacarpophalangeal joints. There is also a small amount of rotation at the fingers. The thumb, which is often ignored in most models of hand movement, is capable of abduction from the palm, rotation through to opposition, and flexion/extension of the metacarpophalangeal and interphalangeal joints.
Various models have been developed which attempt to characterize all the complex movements of the hand [3] [4] [5] [6] [7] , whereas others are only concerned with specific aspects such as joint rotations or wrist angles [8] [9] [10] [11] . The work of Degeorges et al. [10] is concerned with only modeling 3-D rotations of the index finger joints. Their protocol uses a system of markers placed at the end of rods in triads to denote the axis for each segment. Although they only analyze the movement of a single finger, their method requires the use of a thermoplastic cast molded for each participant and they conclude that a major difficulty of the system was the number of markers in a small sized capture volume. Fowler et al. [9] use a similar system of rod axis markers arranged in triads for the functional and biomechanical assessment of normal and rheumatoid hand. As an indication of the complexity of this method 12, markers are used just to analyze flexion/extension and rotation of the metacarpalphalangeal joint.
With surface markers, skin movement may be a problem for accurate measurement of angles and joint segments [8] , [12] . The work of Schmidt et al. [13] concludes that it is necessary to consider skin movement for accurate measurement of wrist angles. They developed a rigid-segment marker placement method to minimize skin movement based on markers placed in triads. Su et al. [4] attempt to account for skin movement by using two markers per segment of the fingers placed proximally and distally to each joint. A similar system with two markers per segment is used by Ryu et al . [8] to analyze the relationship between the surface marker placements and the underlying anatomy by comparing MRI images with model outputs for static hand positions.
Miyata et al. [3] have developed a computational model to generate joint angles of the wrist, hand, fingers, and thumb using single markers per joint. They discuss the advantages and disadvantages of using complex protocols with large numbers of markers to model all degrees of freedom of the hand. The model subsequently developed models less degrees of freedom of the hand and uses a total of 25 surface markers. Similarly, Carpinella et al. [5] developed a model using a small number of markers to calculate finger and thumb movements using a single surface marker placed above each joint axis. The two methods are comparable for generating finger and thumb movements although the method of Carpinella et al. [5] does not include movements of the wrist.
Small et al. [6] developed a model of wrist movement using only six single surface markers and as such was suitable in clinical applications. Their method relied heavily on the underlying anatomy for precise marker placement and concludes that radiographic methods to measure motion are no more accurate than surface measurements. Murgia et al. [14] also concentrated only on the analysis of wrist movement using single surface markers. The model requires seven markers placed on bony landmarks on the elbow, wrist and hand. The problem with using such a wide surface area when applying markers is the possibility of marker occlusion for markers more proximal to the body.
From the literature, it may been seen that no standardized method of applying markers to the upper limb exists as there does for lower limb analysis [1] and although standards have been proposed [15] they are based on boney anatomical landmarks beyond those obtainable directly from surface markers [1] and are often too time consuming and laborious to apply in a patient trial.
As an example, four commonly used marker placement methods to gather information regarding the movement of the proximal interphalangeal joint of the second finger are: 1) three linear markers placed in the metacarpophalangeal, proximal, and distal interphalangeal joints [5] , [15] ; 2) two markers placed at the distal and proximal heads of the proximal and medial phalanges of the second finger [4] , [16] (four markers in total); 3) three noncollinear markers forming a triangle placed on both the proximal and medial phalanges of the second finger [3] (six markers in total); 4) a rod axis system consisting of three or more noncollinear markers on a frame above the joint or phalanx [9] , [10] . Marker placement methods 2-4 are useful in a biomechanical research setting where the objective is to minimize as much as possible the effects of skin movement on an identified segment. Marker placement method 1 is often used in a clinical research setting where the emphasis is on clearly identifiable and repeatable placement using palpation techniques and where the effect on the patient is kept to a minimum. Simple marker placements can also be applicable to research involving children, where the surface area of the hands are significantly smaller than would be required by marker placement systems as described in methods 3 and 4.
This paper outlines the method used to develop a protocol for modeling wrist, hand, finger, and thumb movements with an emphasis on clearly identifiable and repeatable marker placements suitable for clinical applications. As such, the protocol identifies specific single surface marker placements which can be easily identifiable through palpation techniques, and which will not interfere with a participants' normal range of movement or compensatory movement strategies and is quick to apply. This method could also be applied to studies involving children or patient groups. The proposed model generates vectors and planes based on those marker placements. A validation procedure is undertaken analyzing the variances between the model output and known angle measurements of the wrist. The inter-rater reliability of surface marker placements is assessed. The model is then applied to a participant repeatability trial to analyze the movement strategies of individuals when repeating light and heavy versions of the same lifting task. This task enables a subjective assessment of the model in a practical setting with each joint moving in all degrees of freedom. An analysis is undertaken to ascertain whether there is any correlation to be found in movement strategies for an individual and across a population.
II. METHODS

A. System and Setup
A Vicon 460 6-camera movement analysis system (Vicon, Oxford, UK) sampling at 100 Hz was used to capture data for all the trials. Twenty-six passive reflective markers were placed at specific positions on the wrist and hand. Table I illustrates the marker placements for the 26 3 mm hemispherical markers. Particular attention was needed when choosing marker positions, especially those placed on the wrist and fingers. From the previously outlined marker placement methods, an altered version of the first option was used in this instance as it maintained the integrity of the movement, i.e., not impeding the natural movement of the joints. Marker placements were selected that would be intuitive and easily identified by therapists using palpation techniques. Markers were placed proximal to the joint on the distal head of the proximal bone. In marker placement method 1, markers often move onto the distal segment adjacent to the joint during the grip due to skin movement. This distortion of the resultant vectors does not correspond to the underlying bone/anatomical segment and, therefore, compromises the position of the resultant vector and its relationship to adjoining vectors.
For the purposes of describing the process of the orientation of the vector calculations, each marker was taken into the model as a set of three points indicating the relative and coordinates of the marker in space, relative to the Vicon coordinate system, or the global coordinate system (GCS). A local coordinate system (LCS) is then embedded in the forearm plane defined by the model and subsequent planes and vectors are described relative to the forearm plane. The orientation of movement within the LCS is illustrated in Fig. 1 .
B. Movements and Model Calculations
The movements of the wrist and hand that are generated from the proposed model are defined as flexion/extension and radial/ ulnar deviation of the wrist, flexion/extension of the dorsal aspect of the transverse metacarpal arch, finger flexion/extension at metacarpophalangeal (MCP), proximal interphalangeal (PIP) and distal interphalangeal (DIP) joints, finger abduction/adduction at the MCP, flexion/extension of the MCP and interphalangeal (IP) joints of the thumb, as well as abduction/adduction and rotation through to opposition of the thumb.
The computational model presented in this paper was developed using the MATLAB (MathWorks, Inc., Natick, MA) software package. In instances where the vectors are the only consideration, the scalar product is used to calculate the angle (1), where is the resultant angle for the joint located between two segments defined by and , where and are two vectors defined from three markers (1) When calculating the angular movement between the two planes of the wrist, a vector normal to each plane is defined. The scalar product between the two normals is calculated to produce the angle for the movement between the two planes. Fig. 2 illustrates this process, where is a normal vector perpendicular to plane , defined by the cross product of vectors and (2)
Occasionally, there is a need to reduce a vector into its composite 2-D coordinates, therefore eliminating any secondary out-of-plane movement as discussed in [17] . Projections of a vector onto a plane are calculated using (3), where is a vector represented in its composite and coordinates, projected Three equations, therefore, present the foundation for all the model calculations. These principles are applied purely within the context of the specific surface marker placement method defined here for the wrist and hand, which can easily be replicated in a clinical research setting. Table II identifies marker associations with planes and vectors that will be referred to throughout the modeling process.
C. Wrist Movements
Vectors were defined from markers placed on the forearm (FAR, FAU, WRR, WRU) and hand (CMC2, CMC5, MCP2, MCP5), which define vectors and planes for those segments, respectively (Fig. 3) . Radial/ulnar deviation is calculated from two vectors, one either side of the wrist from markers MCP2 and MCP5 at the hand and WRR & WRU at the forearm. In this instance both vectors are projected onto the plane defined as the forearm using (3) and the angle calculated using (1). The angle of flexion/extension can be calculated between the normal vectors and generated for each plane using (2).
D. Dorsal Aspect of the Transverse Metacarpal Arch
The dorsal aspect of the transverse metacarpal arch [18] is described as two joints; 2-4 indicating the movement between the radial and mid hand planes, and 3-5 indicating the movement between the mid and ulnar hand planes. The numbers in this instance represent the vectors created from metacarpal heads; each vector is then projected onto its constituent plane. A virtual marker CMCVM is created halfway between CMC2 and CMC5. A further three planes are then defined from the position of the virtual marker to the MCP markers 2-5, as illustrated in Fig. 3 , which are the radial (RHP), middle (MHP) and ulnar hand planes (UHP). Vectors are defined from adjoining markers placed on the MCP joints, which are first projected onto their corresponding plane using (3) and then the metacarpal arch is defined by calculating the angles between the MCP joints between the RHP and MHP, and also the MHP and UHP using (1) . Flexion of the metacarpal arch is defined as the arch of the hand that is created when the fingertips of the fifth finger and thumb move towards the position where the fingertips are touching. Extension is defined when the palm of the hand is moving towards a position where the hand is flat, as when resting on the surface of a desk.
E. Finger Movements
Three vectors, one for each phalanx are created for each finger using markers placed on the MCP, PIP, DIP, and finger tip. Flexion/extension movements of the MCP, PIP, and DIP joints (2-5) are calculated with respect to the parent hand plane for that vector using (1); where the second finger moved with respect to the RHP, the third and fourth fingers moved respect to the MHP and the fifth finger moved with respect to the UHP (Fig. 3) . Finger abduction/adduction is calculated by first projecting the vectors defined for the proximal phalanx of each finger onto the respective hand plane as above, then calculating the resultant angle between the proximal phalanges of each finger to determine the spread of the fingers during object manipulation.
F. Thumb Movements
Thumb movement is notoriously difficult to define due to the range of movement in all planes [19] [20] [21] . It is not, therefore, appropriate to represent thumb movement in terms of a single angle of opposition. Thus, in the following method, movement of the thumb is described as a combination of rotation, abd/adduction and flexion/extension of the metacarpophalangeal and interphalangeal joints.
The method to generate angles of thumb movement starts by extending the metacarpal arch to include a thumb plane defined from the first metacarpal and a vector joining MCP1 to MCP2 (Fig. 3) . Therefore, normal planes are described from the RHP and thumb plane, and the angle is calculated from the normal vectors using (2) . Abduction/adduction of the thumb is calculated from projecting the vectors defined for the first and second metacarpals onto the thumb plane. The angle can then be calculated between the two resultant metacarpal vectors. Thumb flexion/extension of the MCP and IP joints are calculated independently using (1). 
III. MODEL VALIDATION AND PARTICIPANT TRIAL
A. Static Reference Frames
The model was validated against thirteen known static reference positions to test the accuracy of the generated output. They were neutral (0 ), radial deviation , ulnar deviation , extension and flexion , testing an angle range within and beyond those obtainable in a human participant (Fig. 4) . Radial/ulnar deviation and neutral position was measured using a protractor on a flat work surface and flexion/extension was measured using metallic frames precision-made at 90 , 60 , and 30 angles. The marker placement for a small hand and forearm, therefore maximizing the potential error, was replicated on the flat work surface and the face of the metallic frame; thus, thirteen static positions were captured and each repeated ten times.
B. Static Participant Trial-Inter-Rater Reliability
A study was undertaken to test the repeatability of marker placements between two raters applying markers to a group of unimpaired right handed participants ( ; , years). The marker placement for the wrist was applied to the dominant wrist and hand of each participant. The time for each rater to apply the markers was between 3 and 5 min. Metallic frames were used on which each participant was asked to place their forearm and hand. The frames provided a series of static positions for the wrist in extension (position A) and two positions of flexion (positions B and C, respectively). In addition, each participant's forearm and hand was placed on a flat work surface in neutral (position D); radial and ulnar deviation (positions E and F, respectively) and the resultant positions were captured by the Vicon system.
C. Dynamic Participant Trial
Data was collected from unimpaired participants ( ; , years). Participants were both right ( ) and left ( ) hand dominant. Light and heavyweight spherical objects of the same size from the Southampton Hand From button press, each participant grasps and lifts the spherical object over the obstacle to the predefined space on the SHAP foam-board, then back to button press to complete the cycle.
Assessment Procedure (SHAP) were used to constrain the gross movement of the wrist and hand, and to provide a recognisably cyclic movement [2] , [22] . Each participant sat in a chair with their arms resting on a table with a SHAP form-board placed in front of them. A start/stop position on the SHAP form-board was identified in order to establish a common start and end point for the movement cycle whereby a participant would press their hand to the start/stop position and undertake the task, then replace their hand at the start/stop position on the board. For the task, each participant would grasp and lift a sphere from the furthest to the nearest position on the board and then press their hand back to the start/stop position, indicating the end of the movement cycle (Fig. 5) . As part of the task, the sphere must be lifted over a small obstacle 25 mm high, therefore forcing each participant to lift the weighted object to at least a standard height by clearing the height of the obstacle. Each participant was asked to repeat the lightweight task 5 times, followed by the heavyweight task five times. Table III summarizes the results of the ten repeated captures from each of the thirteen static reference positions. The constituent flexion/extension and radial/ulnar deviation offset angles involved in each of the thirteen static positions are summarized as the mean of the ten repeats, the standard deviation and the 95% confidence interval of the mean for each position. For each primary position of flexion/extension, there will be a component of radial/ulnar deviation which is called the secondary out-of-plane position and similarly for each primary radial/ulnar position there will be a secondary out-of-plane position in flexion/extension. For each primary position, the secondary out-of-plane positions are also presented (shown in italic). The mean angles measured for positions in both primary radial/ulnar deviation and primary flexion/extension are within a degree of the set angle. It should be noted that the angles are set with a protractor which is at best only accurate to a degree, and, thus, the measured angles are within this error margin. The TABLE III  RESULTS FOR THE STATIC POSITIONS GENERATED FROM THE mean angles for the secondary out-of-plane positions are also less than a degree.
IV. RESULTS
A. Static Reference Frames
The repeatability of the outcome from the model was determined across successive static trials using an intraclass correlation coefficient, which was calculated to be . The results of the measurement accuracy and reliability trial show the model to have high repeatability and to be accurate to within a degree in all directions as is shown in Table III . Fig. 6 shows the relationship between the measured angles over the four positions A, B, C, and D (flexion/extension) with markers independently placed by two raters. Fig. 7 similarly shows the relationship between the measured angles for the positioned D, E, and F (radial/ulnar deviation) with independently placed markers. In both figures the dotted line shows the line of best fit using a least squares regression.
B. Static Participant Trial-Inter-Rater Reliability
Both Figs. 6 and 7 clearly demonstrate that there is a correlation between the angles measured by the two raters. The reliability coefficient ( ) was calculated as 0.985 for flexion/extension and 0.946 for radial/ulnar deviation (both significant with ). A reliability coefficient greater than 0.75 is considered as giving excellent reliability [23] . The reliability coefficient is calculated as (4) where is the estimated variance across participants and is the estimated variance across raters.
For flexion/extension the mean absolute difference between the two raters was 3.0 with a maximum absolute difference Fig. 9 . Flexion/extension of the MCP joint of the index finger for two sample participants illustrating the differences in the movement strategies employed across the population when lifting the objects. of 8.3 . For radial/ulnar deviation the mean absolute difference between the two raters was 5.1 with a maximum absolute difference of 10.7 . In both cases, the mean absolute difference between the two raters is better than that defined in the literature for manual goniometry (between 7 and 9 ) which is considered in clinical practice to be the gold standard of joint angle measurement [24] , [25] .
C. Dynamic Participant Trial
The joint angles for the wrist, transverse metacarpal arch and index finger are presented here as an example of the output of the method previously defined in this paper and to illustrate the variability of wrist and hand movement in participants when repeating a movement under constrained conditions. Filtering of the data has been deliberately avoided as there is valuable information in the frequency content of wrist and hand movement.
The waveforms generated from the model output were resampled to 100% of a cycle to and from the start/stop position on the SHAP form-board. Fig. 8 illustrates the repeated waveforms for a sample participant for flexion/extension of the wrist and PIP joint of the index finger. Mean waveforms of the five repeats for light and heavy tasks was generated and a Pearson's correlation coefficient was calculated over time between the light and heavy mean waveforms for radial/ulnar deviation and flexion/extension of the wrist, flexion/extension of the metacarpal arch and flexion/extension of the MCP, PIP, and DIP joints of the index finger (Table IV) .
On average, participants show a higher correlation in radial/ ulnar deviation ( ) of the wrist when lifting the light and heavyweight spheres compared to flexion/extension ( ). Movement of the metacarpal arch joints showed strong correlations between light and heavy waveforms, where joint 2-4 showed a slightly lower correlation ( ) than joint 3-5 (
). The waveforms of the MCP and PIP joints of the index finger also showed a strong correlation ( and , respectively), while the DIP joint of the index finger showed only moderate correlation between light and heavy average waveforms ( ). Although the results of these correlations indicate that an individual uses a similar movement strategy, a common movement strategy, however, was not obvious across the population. Fig. 9 depicts the flexion/extension waveforms for two sample participants when lifting the lightweight and heavyweight objects and illustrates the variability of movement in flexion/extension of the MCP of the index finger across the population. The variability of movement strategies adopted across the population at the MCP joint can also be seen in the wrist, metacarpal arch, PIP, and DIP joints of the index finger.
V. DISCUSSIONS AND CONCLUSION
A marker placement method has been proposed that is intuitive and simple to apply in a clinical research setting. Marker placement methods such as those proposed by Rau et al. [1] , Schmidt et al. [13] , and Williams et al. [26] are more complex, using triads of markers on each segment. In their study, Rau et al. [1] applied their marker placement method to the measurement of a child with plexus lesion and in this case would be unable to extend their method to include analysis of finger and thumb movements during the patient's compensatory movement strategy. This would be due to the smaller surface area of the fingers, specifically challenging in studies involving children.
Similarly, Fowler et al. [9] use a rod axis system on each segment to denote a plane. If more complex hand movements are to be considered, the number of markers increase by three for each segment analyzed. This is both cumbersome and suffers from problems with marker crossover and occlusion. Also to be considered are certain impairments where spasticity, joint subluxation or deformation would hinder the correct application of the marker set, or are cumbersome for patients to wear in addition to concentrating on functional tasks. Complex marker placement methods may also increase the assessment time needed for a patient to attend a trial and in addition, some methods require static calibration trials to identify intermarker distances and marker triads with respect to markers that were positioned on boney landmarks during static calibrations [1] , [10] , [13] , [15] , [26] . Compared to previously published techniques, the proposed marker placement system is simple, using single markers that will not interfere with the movements of the fingers.
In comparison to the examples cited above, the number of markers needed for the proposed marker placement method are kept to a minimum (26 markers), while enabling the simultaneous measurement of all the joints of the wrist and hand. The proposed model is an extension to models previously published by Rash et al. [11] where focus is on the analysis of flexion/extension of an individual finger only, and Small et al. [6] who proposed a model based solely on wrist movements. A similar marker placement method proposed by Carpinella et al. [5] uses only 17 markers but does not provide a method of measuring the wrist angles, metacarpal arch and DIP joints of the fingers as presented in this paper. The metacarpal arch and the curvature it brings to the palm are intrinsic to the opposition of the thumb to the fingers and, therefore, should not be overlooked in models studying the functional movements of the wrist and hand. Although the work of Miyata et al. [3] discusses the metacarpal arch using a proposed system of 25 markers, they do not explicitly provide any model-based calculations to characterize it.
The results of the static reference trial ascertained that the output generated from the model is repeatable and accurate to within one degree in all directions. Differences between repeated captures of a static reference frame were shown to be within a degree of each other, therefore indicating that the output generated from the model can produce repeatable results. The results describe the marker placement as extremely reliable across assessors and accurate to within the limits defined by reliability studies for manual goniometers. Therefore, the marker placement method can be applied in a clinical research setting giving angles with a mean repeatable accuracy of 5.1 . Previously published research has not addressed the issue of reliability of the model output based on marker placement error by additional raters. It was, therefore, not possible to compare these results. Some studies did report the repeated accuracy of their models; Carpinella et al., reported a repeated accuracy of [5] , Degeorges et al., reported a repeated accuracy of [10] , and Dipietro et al., reported a repeated accuracy of [7] . In addition, Carpinella, et al., also reports a 10-min application time for markers to be placed on participants [5] . The marker placement method proposed in this paper takes between 3 and 5 min between raters and has been shown to be reliable within this reduced timeframe. The proposed marker placement method and modeling technique are actively being used in ongoing clinical trials to assess functional movements of chronic stroke patients and a splinting intervention for hyperextension of the PIP joint in rheumatoid arthritis.
The model was successfully applied to show that an individual employs a common movement strategy when lifting light and heavy versions of objects. The results from the correlation between the light and heavy lifting tasks indicate a higher correlation in radial/ulnar deviation of the wrist for all participants and this was also illustrated in both joints of the metacarpal arch and the MCP and PIP joints of the index finger (Table IV) . Although an individual adopted similar movement strategies to complete related tasks, little conformity could be seen across the population indicating that unimpaired individuals adopt very different lifting strategies when moving the wrist and hand to complete a functional task. The variability shown in the wrist movement may also indicate that the wrist is the final joint of the upper limb that adjusts for the intention of the movement, or functional intention of the task. An individual's idiosyncrasies in prehension may also account for the variability across the population.
The results from the participant repeatability trial can be compared to [14] where wrist angle movements were generated while completing activities of daily living tasks from a SHAP. Movements of jar opening and carton pouring were analysed. Although not reported, during both tasks an individual adopted the same movement strategy to repeat a task, while the movement strategies adopted across the population were shown to be different for the jar opening task. Conformity in movement strategies could be seen across the population for the carton pouring task. This may be due to the prolonged time in which the participant maintained a stabilizing grip during the pouring part of the task, whereas the jar opening task is requires a continuous functional movement.
It should be noted that the inter-rater reliability was only performed on the wrist marker placements. Further to this the reliability of the wrist angle is investigated for separate axis at a time. Although some investigation of the coupling of wrist axes, finger joints and metacarpal arch is carried out as part of the dynamic participant trial, future work needs to investigate the reliability of these angles.
The method described in this paper was not developed as a complete biomechanical model and does not produce definitions of skin movement or anatomically correct joint centers, although this could be extended using existing methods for joint center calculations [3] . Although not suitable for use in clinical practice, clinical research would benefit greatly from such an approach. This is evident from the use of gait analysis as a clinical research tool. The method proposed was developed to employ a clearly identifiable and repeatable marker placement from which are calculated the composite movements of the wrist, dorsal aspect of the transverse metacarpal arch, fingers and thumb. It was developed for ascertaining the effectiveness of rehabilitation techniques or quantifying differences in movements during functional activities and can be used as a tool to investigate movement patterns of the wrist and hand in a clinical research setting with minimum interference with the natural movement or impact to the patient. Dr. Burridge's current research projects include the use of iterative learning control in robot therapy, motivating mobility using movement feedback games, and a preliminary clinical study using BION microstimulators to facilitate upper limb function in hemiplegia.
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